Abstract. The Pacific Ocean is the location where twothirds of tsunamis have occurred, resulting in a great number of casualties. Once information on an earthquake has been issued, it is important to understand if there is a tsunami generation risk in relation with a specific earthquake magnitude or focal depth. This study proposes a Tsunamigenic Ratio (TR) that is defined as the ratio between the number of earthquake-generated tsunamis and the total number of earthquakes. Earthquake and tsunami data used in this study were selected from a database containing tsunamigenic earthquakes from prior 1900 to 2011. The TR is calculated from earthquake events with a magnitude greater than 5.0, a focal depth shallower than 200 km and a sea depth less than 7 km. The results suggest that a great earthquake magnitude and a shallow focal depth have a high potential to generate tsunamis with a large tsunami height. The average TR in the Pacific Ocean is 0.4, whereas the TR for specific regions of the Pacific Ocean varies from 0.3 to 0.7. The TR calculated for each region shows the relationship between three influential parameters: earthquake magnitude, focal depth and sea depth. The three parameters were combined and proposed as a dimensionless parameter called the Tsunami Index (TI). TI can express better relationship with the TR and with maximum tsunami height, while the three parameters mentioned above cannot. The results show that recent submarine earthquakes had a higher potential to generate a tsunami with a larger tsunami height than during the last century. A tsunami is definitely generated if the TI is larger than 7.0. The proposed TR and TI will help ascertain the tsunami generation risk of each earthquake event based on a statistical analysis of the historical data and could be an important decision support tool during the early tsunami warning stage.
Introduction
Just after an earthquake occurs, primary earthquake information can be accessed via specialized websites, such as the homepage of the US Geological Survey (USGS 2011), and more related scientific information can be obtained from the Global Centroid Moment Tensor (Global CMT, 2011) . The condition of launching tsunami warning bulletins is dependent upon a pre-calculated tsunami database in the warning systems. The Japan Meteorological Agency introduced a computer-aided simulation system in 1999 for quantitative tsunami forecasting, in which tsunami arrival times and heights are computed and stored in a database for the forecasting of tsunamis after an earthquake actually occurs (Imamura and Abe, 2009 ). However, the system is still not able to clearly determine whether an earthquake will generate a tsunami or not. Necessary earthquake data for considering the occurrence of a tsunami are available, including the earthquake magnitude and focal depth. Similar to earthquakes, the first attempt to establish a tsunami magnitude was conducted by Iida et al. (1967) . From data of tsunamis in the Pacific Ocean, the tsunami magnitude was calculated by taking the logarithm to base 2 of a physical measurement of the tsunami, such as the maximum wave height observed at the coast or measured at the tide gauges. Abe (1979) also developed a magnitude scale defined by the logarithm of the maximum amplitude of far-field tsunami waves measured by tide gauges. These two tsunami magnitudes are widely used to express a physical property of a tsunami. The application of the tsunami magnitude has been used for the tsunamis occurring in the seas surrounding Italy (Tinti, 1991) and the Central American tsunamis (Hatori, 1995) . From the point of view of the focal depth, Satake and Tanioka (1999) classified tsunamigenic earthquakes in subduction zones into three types: earthquakes at the plate interface (typical interplate events), earthquakes in the outer rise within the subducting slab or overlying crust (intraplate events), and "tsunami earthquakes" that generate considerably larger tsunamis than expected from the seismic waves. The depth range of interplate earthquake sources is 10-40 km, whereas the source region of tsunami earthquakes is at a shallower extension near the trench axis. Thus, large magnitude earthquakes that occur at a shallow depth might have the potential to generate a tsunami. In general, the displacement and fault size of an earthquake can be estimated by an empirical relation based on historical tsunami magnitude data, such as Wells and Coppersmith (1994) , Okada and Tanioka (1998) and Papazachos et al. (2004) . After the primary earthquake information is obtained, namely location, magnitude and focal solution (including focal depth and strike, dip and rake angle), other fault parameters, such as displacement and fault size, can also be estimated. These parameters are used as input in tsunami generation models to calculate the vertical seafloor displacement, which later becomes a tsunami initial level. The calculation is based on the two extensively used theories of Mansinha and Smylie (1971) and Okada (1985) . The Asian Disaster Preparedness Center (ADPC) (2009) ascertained that the maximum and minimum displacements are equal for results calculated from both theories and that only minor differences could be observed in the overall shape of the computed deformation fields. Moreover, the effect of focal depth, dip and rake angles on the ocean bottom deformation was shown by Ruangrassamee (2006) who calculated deformation for focal depth varying from 10 to 100 km by applying the Mansinha and Smylie theory. The results show remarkably different effects on the vertical seafloor displacement. Therefore, it is supported that earthquake magnitude and focal depth play an important role in the generation of a tsunami. In addition, the sea depth at the location where an earthquake occurs also plays an important role for tsunami generation. This is because a large seafloor displacement in a deep sea induces the displacement of a large amount of sea water that later has a higher potential to generate a tsunami. This study proposes a new term, the "Tsunamigenic Ratio" (TR) that is defined as the ratio between the number of earthquake-generated tsunamis and the total number of earthquakes. The Tsunamigenic Ratio will help ascertain the tsunami generation risk of each earthquake event based on a statistical analysis of the historical data if the earthquake magnitude, focal depth and sea depth are known.
Tsunamis in the Pacific Ocean
The National Geophysical Data Center (NGDC) tsunami database at the National Oceanic and Atmospheric Administration (NOAA) provides 2400 events (NOAA, 2011c Ocean and 1 % in the Black Sea. Most of these tsunamis were generated by earthquakes (83 %) or earthquakes that caused landslides (6 %). The remaining events were caused by landslides (2 %), volcanic eruptions (6 %), and unknown sources (3 %). If the casualty number of 3000 is selected to classify an event as a deadly tsunami, there are 16 of such events in the Pacific region out of the total of 20 events, as shown in Table 1 . The earthquake that induced deadly tsunamis did not necessary have large magnitudes only, but also occurred at shallow regions less than 50 km. In Japan, where the number of casualties is the highest, the focal depth of some earthquakes is as shallow as less than 10 km (Sato, 1995) . Damage to people's lives in the past was not only caused by local tsunamis but also by distant tsunamis, with transoceanic tsunami causing deaths greater than 1000 km far from the source over the Pacific Ocean, as shown in Table 2 . In the Pacific Ocean, one can find eight events out of nine global events. In some events, the distant tsunami caused a higher number of casualties in the remote area than in the local area. Most of the distant tsunamis originated from earthquakes with a magnitude greater than 8.3 that occurred at the eastern Pacific side, such as in Chile and in the US, and caused damage to the western side, such as in Japan, the Philippines and New Zealand. Though Japan suffered a great loss of lives from local tsunamis generated by earthquakes with magnitude smaller than 8.5 before the 2011 event, earthquakes at the shallow region generated higher vertical ocean bottom deformation and resulted in a powerful tsunami (Satake and Tanioka 1999) , such as the 1986 Sanriku and the 1946 Alaska cases (Kanamori 1972) . In contrast, gigantic earthquakes with a magnitude 9.0 or greater in Chile, Alaska, Indonesia and Japan had damage potential across the Pacific Ocean.
Moreover, most tsunamigenic earthquakes occur along subduction zones or trenches where the sea depth is as deep as many thousands meters. According to the problem and information stated above, the characteristics for the next tsunami are still unclear. This study will quantify the characteristics of earthquakegenerated tsunamis using the historical events in the Pacific Ocean. The proposed Tsunamigenic Ratio (TR) is defined as the ratio between the number of earthquake-generated tsunamis and the total number of earthquakes (Suppasri et al., 2011a, b) . This idea is the same as that proposed by Okada and Tanioka (1998) , but their study was limited to Japan and did not provide much detailed information. Gusiakov (2005) proposed the Tsunami Efficiency (TE) in the Pacific Ocean as the ratio between the number of tsunamis, including those generated by landslides and of unknown origins, and the total number of the coastal and submarine earthquakes. However, the TE value may exceed 1, and it does not reflect the characteristics most likely to occur as the earthquake-generated tsunami. By considering the earthquake magnitude, focal depth and sea depth as the primary parameters in the generation of a tsunami, this study can provide more information on the tsunami generation ratio if future earthquake-related parameters are known.
Earthquake data and processing method
Earthquake-generated tsunamis and earthquake events can be accessed by the NGDC global significant earthquake database website (NOAA, 2011b) . On the data selection page, we can select whether the earthquake event was associated with tsunami or not. Therefore, the historical earthquake events are divided into two groups: tsunami-associated events and tsunami-non-associated events. Tsunami related information for the tsunami-associated events can be accessed by the Global Historical Tsunami Database website (NOAA, 2011c) . Consequently, the TR value is calculated for each specific range of earthquake magnitude, focal depth and sea depth. However, the earthquake magnitude is not compatible with the earthquake magnitude scale because the primary earthquake magnitude can be measured using several different scales. The primary magnitude is chosen from the available magnitude scale in this order: the moment magnitude (M w ), the surface wave magnitude (M s ) and the body wave magnitude (M b ). Nevertheless, Scordilis (2006) derived relationships between M s and M w and between M b with M w . The M s -M w relation has a bilinear changing slope at M w = 6.2, while the M b -M w relation can be plotted until 6.2. That means that the earthquake magnitude, M, can also be defined as either M w or M s . Based on the tsunami data in Japan, Okada and Tanioka (1998) mentioned that an earthquake with focal depth deeper than 90 km could not generate a tsunami. Moreover, most tsunamis were generated when the Japanese earthquake magnitude, M j , was greater than 7.0 (M w = 6.9) and occurred at a very low ratio if M j was smaller than 6.2 (M w = 6.3). Gusiakov (2005) used 1201 events of the coastal and submarine earthquakes with magnitude M s ≥ 7.0 and focal depth ≤100 km that occurred in the Pacific Ocean during the last 100 years (from 1901 to 2000) . In addition, the term "coastal" means that they also took into account the earthquakes located within 100 km inland for the events with 7.0 ≤ M s ≤ 8.0 and 200 km in-land for the events with M s > 8.0.
The Pacific Ocean is geographically divided into 9 regions: New Zealand-Tonga (NZT), New Guinea-Solomon (NGS), Indonesia (IND), the Philippines (PHI), Japan (JAP), KurilKamchatka (K-K), Alaska-Aleutians (A-A), Central America (CAM) and South America (SAM), following the zoning used in the NGDC map (Lockridge and Smith, 1984; Gusiakov, 2005) . Table 3 summarizes the information on the boundaries for each region, and the map is illustrated in Fig. 1 . This study considers the NGDC database, which contains earthquake events from 200 BC to 2011 (more precisely from year −193 to 2011). Regarding the level of completeness of earthquake and tsunami catalogs and the accuracy of parameters that greatly vary over time, four different time periods can be distinguished: pre-instrumental (prior 1900), early instrumental (1900-1962), instrumental (1963-1990) and modern instrumental (1991 to 2011). The earthquake events exclude an event when the epicenter was located farther than 50 km from a shoreline. In some cases, fault width of megathrust earthquakes in subduction zones can be as large, for instance, as 150 km for M = 9.3 of the 2004 Sumatra Earthquake (Suppasri et al., 2011c) and 200 km for M = 9.0 of the 2011 Great East Japan Earthquake (Suppasri et al., 2012c) . However, maximum width of continental faults for M < 7.5 earthquake estimated using a formula proposed by Papazachos et al. (2004) is about 25 km and about 100 km for M < 8.5 earthquake in subduction zones. Therefore, sea depth for these in-land earthquakes is reasonably assumed to be obtained by taking a sea depth value at a point where the distance is within 50 km perpendicularly far from the epicenter. The method of extracting coastal earthquakes was adapted from the tsunami casualty estimation method developed by Suppasri et al. (2012a, b) . They applied the concept of image processing and the Laplacian mask over the global bathymetry data of Pacific region. Shorelines of every 2-min grid from ETOPO2 (NOAA 2011a) can be found by the mentioned method. The coastal zone is then expanded until it reaches 50 km. For tsunami event selection from the NGDC database, the code "1 = Earthquake" was used from the total of 12 codes describing the tsunami cause, and the codes "4 = definite tsunami" and "3 = probable tsunami" were used from the total of six codes describing the tsunami event validity. Consequently, the TR is calculated from an earthquake event with a magnitude ranging from 5.0 to 9.0, focal depth up to 200 km and sea depth down to a depth of 7000 m.
Tsunamigenic Ratio of the Pacific Ocean earthquakes
The total numbers of tsunami events for the four different time periods mentioned above are 466, 499, 337 and 381, respectively, as summarized in Table 4a . The average TR in the Pacific Ocean for each region in each time period can be calculated using the total number of tsunami-associated event (a), of tsunami-non-associated event (b), and of event (c) ( Note: a = tsunami-associated events, b = tsunami-non-associated events and c = total number of events.
TR prior to 1900 (pre-instrumental) fluctuates quite a bit: from 0.09 in PHI to 1.00 in NZT and NGS. K-K and A-A have high TR of more than 0.75 for both 1963-1900 and 1991-2011 . CAM has the lowest TR of about 0.20 for the whole time period. Table 4b summarizes number of events and TR for accumulated data for the total period and also for periods 1990-2011, 1963-2011 and 1991-2011 . TR in Table 4b is approximately 0.40 for all time spans, meaning that value of TR is consistent with time, while different by region. In general, JAP provides the largest number of the tsunamiassociated (a) events (280 out of 728 events) and of total (c) events (499 out of 1683 events), which is about one-third of the total data. If the time span is considered until the pre and early instrumental periods, NZT, NGS, JAP, K-K and A-A are regions where TR is about 0.5-0.6. On the other hand, if only the instrumental and modern instrumental periods are considered, TR for those regions is increased as high as 0.6-0.8. TR for IND and PHI is approximately the same of about 0.3, while TR for CAM and SAM is 0.2 and 0.4, respectively.
Tsunamigenic ratios for each region are then plotted against the three parameters that have related potential to generate a tsunami (Fig. 2) : earthquake magnitude (Fig. 2a) , focal depth (Fig. 2b ) and sea depth (Fig. 2c) . From Fig. 2a , greater earthquake magnitude has a greater potential to generate a tsunami because the TR at M = 6.0 is approximately 0.20 and increases to 0.50 at M = 7.5 and to more than 0.80 at M = 8.5. Influence from the focal depth is shown in Fig. 2b . Shallower focal depth has high potential for tsunami generation. A TR of 0.80 can be found when the focal depth is less than 30 km and gradually reduces to below 0.20 when the depth is deeper than 100 km. Sea depth at a point of each earthquake epicenter, which is considered as a representative value of the whole rupture area for quick information after an earthquake occurrence, is obtained from the global bathymetry data (ETOPO2), and the plot is shown in Fig. 2c . In general, TR increases when sea depth is increased, and the TR increases rapidly when the sea depth is as deep as 1000 m, and varies from 0.40 to 0.70 when the sea depth is deeper than 1000 m. This large variation can be seen in all Note: a = tsunami-associated events, b = tsunami-non-associated events and c = total number of events. figures shown. For the entire Pacific Ocean, the plots were made using all data and were separated into three different time periods, 1900-2011 (green line), 1960-2011 (blue line) and 1991-2011 (red line) , respectively, as shown in Fig. 3 c, with different affecting parameters, earthquake magnitude (Fig. 3a) , focal depth ( Fig. 3b ) and sea depth (Fig. 3c) . Power function was applied for regression analysis to fit the data because it provides higher R 2 in all cases. A comparison of data accuracy and correlation can be made among three different time periods using the R 2 values. It can be seen from the regression analysis that values of R 2 in all cases have improved when more precise data (during 1960-2011 or 1991-2011) are used. The curves obtained from the regression analysis can be used for the future estimation of TR for each different time span when earthquake magnitude, focal depth and sea depth are known. Tsunami Index 1900-2011 1963-2011 1991-2011 
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Proposal for a Tsunami Index
According to the previous Fig. 2a-c , greater earthquake magnitude has a high possibility of tsunami occurrence (generally M > 7.0), shallower focal depth has high possibility of tsunami occurrence (generally focal depth < 100 km), and deeper sea depth has high possibility of tsunami occurrence (generally sea depth > 1000 m). Combining the above three parameters would help provide a better understanding of tsunami generation mechanism. Consequently, a new parameter that includes the effect of the three parameters is The results with smaller variation are plotted in Fig. 2d and Fig. 3d . In general, R 2 for TI is higher than R 2 for earthquake magnitude, focal depth and sea depth itself. In other words, a combination of the three mentioned parameters as proposed with introduction of TI helps reinforce the relationship between these parameters and the tsunami generation. In case of TI, R 2 increases from 0.88 (data during 1900-2011) to 0.90 (data during 1960-2011) and to 0.93 (data during 1991-2011) . The TR starts from the tsunami index (TI) equal to 2.0, increases to 0.50 when TI is at 5.0 and reaches 0.80 when TI becomes 7.0. In general, when period 1900-2011 is considered, the coefficient of determination, R 2 increases from 0.77 (earthquake magnitude), 0.74 (focal depth) and 0.84 (sea depth) to 0.88 when the TR are plotted against the proposed TI. In addition, R 2 for the case when only the modern instrumental period (red line) is considered is as high as 0.93. It can be noticed from the results that the blue and red lines are similar in most parameters and get along with the TR results, as explained in the previous section and in Table 4b . For the whole Pacific region, TR is more than 0.5 when TI is larger than 5 and TR reach 1.0 when TI is almost 8. The blue and red lines in Fig. 3 are steeper than the black line, implying that the recent tsunamis caused greater tsunami generation potential than they did in the past hundred years. Although the TR during 1991-2011 (0.40) is slightly less than the TR prior 1900 (0.46) (Table 4a), the TR during 1991-2011 gradually becomes higher when the TI is greater than 5. In other words, a tsunami is almost definitely generated if a computed TI is greater than 7.0 (for example, magnitude > 8.0, focal depth < 10 km and sea depth > 1000 m). This means that the TR of the recent events is higher than the historical events when a powerful tsunami is expected to be generated.
This section also discusses and compares "hazards" (the maximum tsunami height and the TR). Recent tsunamis causing death events during 1991-2011 are summarized in Table 5 . Most of them were generated with an earthquake magnitude greater than 7.5, which is 19 from the total of 22 events. The range of TI value from 5.14 to 7.96 was calculated based on the previously mentioned data and plotted against the maximum tsunami height (up to 50 m). Figure 4 shows a plot of 22 events during 1991-2011 with information on earthquake magnitude, focal depth, sea depth, tsunami height and Iida tsunami magnitude (M I ) (Iida et al., 1967) . The relationship between the maximum tsunami height and the TI for tsunamis during 1991-2011 is shown in Fig. 5 . Although a relationship between TI and TR using these three parameters is unclear, R 2 obtained from the plot using data from 1991-2011 against the proposed TI is increased from 0.33 to 0.63 (Fig. 5) . However, there are some important points that might cause uncertainty in this calculation, such as the lack of instrumental records in the past. For instance, the total number of earthquakes prior to 1900 is only 466, whereas there were already 381 events during 1991-2011 from the total of 1217 during 1900-2011 (Table 4b ). Modern technology, such as earthquake measurement technology and high-resolution satellite images, help to increase the accuracy of earthquake and tsunami information. For example, better earthquake magnitude and focal depth can now be obtained. For the tsunami height, a better transportation system also supports accessibility to highly affected areas. Although an effect from global warming is still unclear, the measured maximum tsunami height of the recent tsunamis (1991-2011) might be closer to the actual maximum tsunami heights.
Application of Tsunamigenic Ratio and Tsunami Index
Application of TR and TI can be explained as follows. A tsunami is very likely to be generated if a calculated TI is greater than 7.0. Moreover, 6 levels can be classified for an early tsunami warning: tsunami advisory (TI < 3 and TR < 0.1), small tsunami (TI < 4 and TR < 0.3), moderate tsunami (TI < 5 and TR < 0.5), major tsunami (TI < 6 and TR < 0.7), destructive tsunami (TI < 7 and TR < 0.9) and devastating tsunami (TI ≈ 8 and TR ≈ 1.0), as shown in Table 6. One good example of using TI is that TI can express the increasing trend of maximum tsunami height over the recent tsunamis causing death, while earthquake magnitude, focal depth, and sea depth itself cannot because low values of R 2 are obtained ( Fig. 4a-c) . This result is verified and has a somewhat good agreement with the tsunami magnitude (Iida et al., 1967) in Fig. 5 and can be expressed together with the tsunami intensity and corresponding tsunami height (Papadopoulos and Imamura, 2001) in Table 6 when the logarithmic scale (base 2) is used for the tsunami height.
Conclusions
The Pacific Ocean is the location where two-thirds of the tsunamis have occurred. Countries surrounding the Pacific Ocean suffered from many tsunamis that caused a great number of deaths. This study utilized the historical tsunami database in the Pacific to compute the TR, which is defined as the ratio between the number of earthquake-generated tsunamis and the total number of earthquakes. The average TR in the Pacific Ocean is about 0.40, whereas the TR for each region varies depending on the selected data period, preinstrumental (prior 1900), early instrumental (1900-1962), instrumental (1963-1990) and modern instrumental (1991 to 2011). The TR for each region was calculated and shows the relationship between three influential parameters: earthquake magnitude, focal depth and sea depth. The results show that a greater magnitude earthquake at shallower focal depths has a high potential to generate tsunamis with a large tsunami height. The tsunami index (TI) was proposed to express the influence on tsunami generation and maximum tsunami height of the three parameters summarized above in one parameter and to successfully increase the coefficient of determination, R 2 . This study indicates that recent submarine earthquakes had a higher potential to generate a tsunami with larger tsunami heights than during the entire the last century. TR and TI are verified and can be well expressed together with the early proposed tsunami magnitude and tsunami intensity. The proposed TR and TI might be an important parameter for a decision support tool during the early tsunami warning stage or for future tsunami risk assessments.
